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Introduction

58
Driven by continuous urbanization and industrialization and a rapid growth in the number of 59 motor vehicles and energy consumption, large-scale severe air pollution episodes often affect 60 most cities in China. An increase in the number of haze days is expected to have an adverse 61 impact on human health (Chan and Yao, 2008) . Atmospheric fine particles such as PM2.5 62 (particulate matter with an aerodynamic diameter of below 2.5 μm) have been reported as an 63 important air pollutant in China (Donkelaar et Carbonaceous aerosols are a major fraction of PM2.5 contributing 20-50% of the total PM 68 mass in China's urban atmosphere (Cao et al., 2007) . In addition to health and visibility effects, 69 carbonaceous aerosols also influence the earth's climate directly by scattering and absorbing solar 70 radiation and indirectly by modifying cloud microphysics (Pöschl, 2005; IPCC, 2013) . 71
Carbonaceous aerosols can be classified into elemental carbon (EC) and organic carbon (OC). EC 72
is exclusively emitted as primary aerosols from incomplete combustion of fossil fuels and 73 biomass burning, whereas OC is a complex mixture of primary directly emitted OC particles 74 (POC) and secondary OC (SOC) formed in-situ in the atmosphere via the oxidation of gas-phase 75 precursors (Pöschl, 2005) . POC and precursors of SOC may stem from a vast variety of sources 76 from both anthropogenic (e.g. coal combustion, vehicle emissions and cooking) and natural 77 sources (e.g. biogenic emissions) (Carlton et al., 2009 ). These sources change over time and 78 space, which makes source apportionment difficult. 79 Several techniques have been applied to quantify the emission sources of carbonaceous 80 aerosols. Radiocarbon ( 14 C) measurements provide a powerful tool for unambiguously 81 determining fossil and non-fossil sources of carbonaceous particles, since 14 C is completely 82 depleted in fossil-fuel emissions due to its age (half-life 5730 years), whereas non-fossil carbon 83 sources (e.g. biomass burning, cooking or biogenic emissions) show a contemporary 14 C content 84 (Szidat, 2009; Heal, 2014) . Moreover, a better 14 C-based source apportionment can be obtained 85 C on the contemporary level, it is still difficult to quantify the contribution from these 89 two sources to OC by 14 C measurements alone. When these are combined with OC/EC and 90
Thermal-optical carbon analysis
120 A 1.0 cm 2 punch from the filter samples is taken for the analysis of the OC and EC mass 121 concentrations by the EUSAAR_2 thermal-optical transmission protocol (Cavalli et al., 2010) . 122
The replicate analysis of samples (n = 6) showed a good analytical precision with relative 123 standard deviations of 4.8%, 9.1%, and 5.0% for OC, EC and TC, respectively. The average field 124 blank of OC was 2.0 ± 1.0 µg/cm 2 (equivalent to ~0.5 μg/m 3 ), which was subtracted from the 125 measured OC concentrations. A corresponding EC blank was not detectable. 126
2.3
C analysis of the carbonaceous fractions
127
Six filters were selected per sampling site for 14 C analysis, three from days with a very high 128 PM loading and three representing an average loading, which are described in Table S1 in the 129 supplement. A thermo-optical OC/EC analyzer (Model4L, Sunset Laboratory Inc, USA) equipped 130 with a non-dispersive infrared (NDIR) detector is used for the isolation of different carbon 131 fractions for subsequent 14 C measurements using a four-step thermo-optical protocol Swiss_4S. 132
The method is described in detail elsewhere (Zhang et al., 2012) . For EC isolation, filter samples 133 are first treated by water extraction to remove water-soluble OC to minimize the positive artefact 134 from OC charring to the 14 C result of EC. To remove both non-refractory and refractory OC 135 fractions, the water-extracted filters are then combusted or heated in the following 3 steps: step 1 136 in an oxidizing atmosphere (O 2 , 99.9995%) at 375 °C for 150s; step 2 in O 2 at 475 °C for 180s; 137 step 3 in helium, at 450 °C for 180s followed by at 650 °C for 180s. Finally, EC is isolated by the 138 combustion of the remaining carbonaceous material at 760 °C within 150s in O 2 . This method is 139 optimized to minimize a possible negative EC artifact due to losses of the least refractory EC in 140 the OC removal steps prior to EC collection. In a recent study, we found that the aforementioned 141 negative artefact due to premature EC loss during a harsh OC removal procedure (e.g. 142 combustion of samples at 375 °C for 4 h or longer) before EC isolation potentially underestimates 143 biomass-burning EC contribution by up to ~70%, if only small amounts of EC are recovered 144 (Zhang et al., 2012) . The EC recovery for 14 C measurement in this work is 78±10%. A bias from 145 underestimation of biomass burning EC caused by the EC loss of 22 ±10% is corrected using the 146 approach described by Zhang et al. (2012) . For TC samples, the filters are combusted using the 147 whole Swiss_4S protocol without OC/EC separation. After the combustion/separation of the 148 desired carbonaceous aerosol fractions (i.e. TC or EC), the resulting CO 2 is trapped cryogenically 149 and sealed in glass ampoules for 14 C measurement, which is conducted by a tabletop accelerator 150 mass spectrometry (AMS) system MICADAS using a gas ion source (Wacker et al., 2013) 
Anhydrosugars and water-soluble potassium measurements
In addition to this straightforward OC distinction, OC f and OC nf are semi-quantitatively 205 classified into additional sub-fractions. On the one hand, OC f is split into primary and secondary 206 OC from fossil sources, i.e. OC pri,f and OC sec,f , respectively: 207
OC pri,f is determined from EC f and a primary OC/EC emission ratio for fossil-fuel 209 combustion, i.e. (OC/EC) pri,f : 210
As fossil-fuel combustion in China is almost exclusively from coal combustion and vehicle 212 emissions, (OC/EC) pri,f -can be determined as: 213
where p is a percentage of coal combustion in total fossil emissions, and (OC/EC) pri,cc and 214 (OC/EC) pri,cc a primary OC/EC ratio for coal combustion (cc) and vehicle emissions (ve), 215
respectively. 216
This strategy can only be applied to OC nf after some modification, as its primary OC/EC 217 emission ratio is far too uncertain for a general split of non-fossil OC into of primary vs. 218 secondary formation. Alternatively, OC nf is subdivided into primary biomass burning (OC bb ) and 219 all the other non-fossil sources (OC other,nf ): 220
OC other,nf includes all the other non-fossil sources except OC bb , thus mainly representing 222 primary and secondary biogenic OC, urban non-fossil contributions (e.g. from cooking or frying) 223 as well as SOC from biomass burning; due to cholesterol concentrations below the limit of 224 detection in all samples, however, contributions of cooking and/or frying to OC other,nf can be 225 neglected. OC bb is calculated by two alternative "marker-to-OC" methods using either EC bb or 226 levoglucosan (lev) as biomass-burning marker with corresponding primary marker-to-OC 227 emission ratios (Eq. 9 and 10). 228
The overlapping results of both calculations are considered as probable solutions for OC bb . 230
The consistency of EC bb and levoglucosan data is shown below in We also compared the data of OC, EC and EC/OC from heavily polluted days with 312 moderately polluted days, which were selected from the samples with the highest and average PM 313 loading, respectively (Table 3 ). 14 C measurements were also performed on these samples (Sect. 314 2.3), and a detailed source apportionment result will be presented in Sect. 3.2. The PM2.5 . , OC 315
and EC mass concentrations on heavily polluted days were mostly >2 times as high as those on 316 moderately polluted days at the four sites. On the heavily polluted days, the EC/OC ratios 317 significantly decreased by 29% and 43% in northern cities of Xian and Beijing, respectively, 318 whereas they slightly increased in Shanghai and Guangzhou by 13% and 16%, respectively. The 319 higher PM2.5 mass, OC and EC observed during the polluted period was characterized by low 320 wind speed but not significantly sensitive by the temperature and relative humidity. 321 respectively. This finding suggests that the increase of EC f and EC bb emissions in the three cities 332 on the heavily polluted days is likely due to an equal enhancement of fossil fuel and biomass-333 burning combustion emissions and the accumulation of these particulate pollutants. At 334
Best estimate of source apportionment results
12
The measured fossil contributions to EC correspond to those previously reported at 3 city sites 338 and 2 regional sites in China (Chen et al., 2013), but are higher than for the Maldives (31±5%), 339
India (36±3%) (Gustafsson et al., 2009) and a background site on the South Chinese island 340
Hainan (25-56%) (Zhang et al., 2014a) . 341
Fossil and non-fossil OC 342
The concentration of OC from fossil-fuel sources (OC f ) ranged from 2.53 to 61.3 μg/m 3 , 343 whereas the corresponding range for OC from non-fossil sources (OC nf ) was 0.8 to 42.7 μg/m 3 344 (Figure 3 ). Similar to EC, the highest mean concentrations of OC f and OC nf were both observed at 345
Xian and Beijing. The mean concentration of OC nf was higher than that of OC f for all sites except 346
Beijing. OC f contributions (mean ± standard deviation) to total OC were 37±3%, 58±5%, 49±2% 347 and 35±8% in Xian, Beijing, Shanghai and Guangzhou, respectively, which was lower than the 348 corresponding EC f fraction to EC for all samples ( Guangzhou (0.56±0.11), which will be discussed below. Table 2 ), indicating that our assumption of 364 LHS input parameters is reasonable. The average lev-to-man ratio was 27.7 ± 8.47 (ranging from 365 16.4 to 45.9), which is at the higher end of the reported ratios for crop residue burning (ranging 366 from 12.9 to 55.7 with a mean of 32.6 ± 19.1) and obviously higher than that from softwood 4.0 ± 367 1.0 (ranging from 2.5 to 5.8 with a mean of 4.0 ± 1.0) (Sang et al., 2013) . However, the ratio isburning marker, non-sea-salt-potassium (nss-K + = K + -0.0355 × Na + , (Lai et al., 2007) ), can be 372 used to distinguish biomass burning from crop residue and wood. The average of lev-to-K nss + in 373 our study was 0.59±0.33 (ranging from 0.17 to 1.56 with only 2 samples >1), which is 374 comparable to the ratios for wheat straw (0.10 ± 0.00), corn straw (0.21 ± 0.08) and rice straw 375 grown in Asia (0.62 ± 0.32) (Cheng et al., 2013) . These ratios are much lower than those ratios 376 reported for hardwood (23.96 ± 1.82) (Cheng et al., 2013) . With a combination of the lev-to-man 377 and lev-to-K + ratios, it can be concluded that the major source of biomass burning in winter of 378
China is combustion of crop residues. In addition, non-sea-salt-potassium concentrations also 379 show a very good correlation (R 2 =0.82) with EC bb for the four cities. This also confirms that the 380 variability of burning conditions and biomass types was rather small during winter 2013 in 381 different regions of China. 382 Figure 5 shows the results of the sensitivity test for the average contribution of each source 384 to TC for all sites. Each source is illustrated as a frequency distribution, from which the 385 uncertainties of the source apportionment are deduced as given in Section 2.5. We found that 386 EC bb was always the smallest contributor (<10%), but was still non-negligible for all sites. The 387 distributions of EC f and EC bb were much narrower than for the different OC sources due to the 388 
Sensitivity analysis 383
Further source apportionment of OC sources 398
As explained in Sec. 2.4, OC f is apportioned into primary and secondary OC from fossil 399 sources, whereas OC nf is subdivided into primary biomass-burning OC (OC bb ) and the other non-400 fossil OC (OC other,nf ). As shown in Figure 6 , OC sec,f was generally more abundant than OC pri,f , 401 suggesting that SOC is the predominant fraction of OC f in Chinese cities during winter. TheSOC formation compared to the other three sites (average OC sec,f -to-OC pri,f ratio of 1.3), which is 404 in agreement with the higher OC f /EC f ratios (see Sect. 3 
.2.2). During heavily polluted days, 405
OC sec,f -to-OC pri,f ratios increased compared to moderately polluted days on average by 70% for 406 the 4 sites. This underlines that the episodes with bad air quality were mainly caused by 407 additional SOC formation and accumulation of similar pollutants as for average winter 408
conditions. The importance of fossil-derived SOC formation was also underlined by 14 C 409 measurement in water-soluble OC during 2011 winter in Beijing and Guangzhou (Zhang et al., 410 2014b). Figure 6 shows that OC bb was higher than OC other,nf on the moderately polluted days for 411 all sites, while it changed to the contrary on the heavily polluted days. The excess of non-fossil 412 OC concentration for the heavily polluted days was dominated by OC other,nf , which was ~2.6 times 413 as high as OC bb . The dominating contribution of OC other, nf is likely due to the increase of SOC 414 formation from non-fossil sources mainly from biomass-burning emissions, although biogenic-415 derived SOC could not be excluded for SH and GZ where temperatures during the sampling 416 period are above 0 degrees. In conclusion, the source apportionment results of the excess 417 carbonaceous aerosols consistently highlight the importance of SOC from both, fossil and non-418 fossil sources. It should be also noted that the condensation of semi-volatile organic aerosols 419 generally may contribute to some extent to the measured SOA in winter due to the colder 420 temperature in the northern sites such as Beijing and Xian. However, the increased SOA between 421 the MPD and HPD measured by the current method is mostly if not exclusively due to enhanced 422 SOA formation since the temperatures during the moderately and heavily polluted days were not 423 significantly different (p<0.05). 424
Relative contribution from OC and EC source categories to TC 425
The contributions of different OC and EC source categories to TC are shown in Table 4 . 426 Fossil sources (EC f +OC pri,f +OC sec,f ) account for an important contribution at all sites, which 427 decreased from Beijing (60%) to Shanghai (56%), Xian (45%) and Guangzhou (43%). The larger 428 fossil contribution in Beijing can be explained by substantially higher OC sec,f values, which were 429 often >2 times as high as for the other three sites. However, no remarkable difference was found 430 for the total primary fossil contribution (EC f +OC pri,f ) between the heavily and the moderately 431 polluted days. An exception of this tendency was observed for Guangzhou, in which the fossil 432 contribution to TC increased by 36% during the polluted episodes. However, the contribution of 433 OC sec,f to TC was higher on the heavily polluted days than on the moderately polluted days for all 434 sites, which indicates a significant contribution of fossil SOC to TC during winter haze or smog 435 episodes in China. 436 25%, 21%, 26% and 39% in Xian, Beijing, Shanghai and Guangzhou, respectively). However, the 438 relative contribution of biomass burning decreased on average from ~28% to ~17% when 439 comparing moderately with heavily polluted days. Therefore, primary biomass-burning emissions 440
were not a major additional source during heavily polluted days. 441
A considerable fraction of TC originated from OC other,nf with a mean contribution of 21% for 442 all sites. The presence of OC other,nf is unlikely attributed to primary or secondary biogenic particles 443 as biogenic emissions are very low during winter at least in Northern China, although these can 444 be enriched due to favoring condensation of SVOCs into the particle phase at colder 445 temperatures. In combination with the observation of enhanced fossil SOC formation, we assume 446 that this excess is mainly attributed to SOC formation from non-fossil, but non-biogenic 447 precursors (i.e. mainly from biomass-burning emissions). Further, SOC formation from these 448 non-fossil volatile organic compounds may be enhanced, when they are mixed with 449 anthropogenic pollutants such as volatile organic compounds (VOCs) and NO x (Weber et al., 450
2007; Hoyle et al., 2011). 451
As the OC sec,f and OC other,nf contributions were always considerably higher on the most 452 polluted days compared the moderately polluted days and the increase of primary sources (such 453 as EC bb , OC bb and OC pri,f ) was less prominent (see Figure 6) , we conclude that the increment of 454 TC on the heavily polluted days was mainly driven by the increase of SOC from both fossil fuel 455 and non-fossil emissions. This is also underlined in Figure 6 by the composition of the excess for 456 the heavily polluted days. Fossil emissions predominated EC with a mean contribution of 75±8% at all sites. The 497 remaining 25±8% was attributed to biomass-burning sources, and the presence of the latter was 498 also confirmed by other biomass-burning markers such as levoglucosan and water-soluble 499 potassium. The fossil contribution to OC was lower than for EC and was highest in Beijing 500 (58±5%) and decreased in the order: Shanghai (49±2%) > Xian (38±3%) > Guangzhou (35±7%). 501
Conversely, non-fossil sources accounted on the average for 55±10% and 48±9% of OC andsubstantially to non-fossil carbon of urban aerosols, as biofuel usage is more common for heating 504
and cooking in such regions during winter time in China. The average contribution of non-fossil 505 OC from OC bb was found to 40±8%, 48±18%, 53±4% and 65±26% for Xian, Beijing, Shanghai 506 and Guangzhou, respectively. 507 A considerable fraction of OC was identified as SOC. We found that OC sec,f dominated over 508 OC pri,f for all samples (i.e. portions of TC of 23±11% compared to 13±3%, respectively), strongly 509 implying importance of fossil-derived SOC to urban (often polluted) aerosols in China. 510
Furthermore, we classified the samples into 2 episodes, heavily polluted and moderately polluted 511 days, depending on PM mass. We found the relative OC other,nf contributions tend to be higher on 512 the heavily polluted days at all sites, which were mainly attributed to enhanced SOC formation 513 from non-fossil precursors such as biomass-burning emissions. Even though a significant increase 514 of absolute mass concentrations of primary emissions (both fossil and non-fossil sources) was 515 found on the heavily compared to moderately polluted days, their relative contribution to TC was 516 even decreased, while SOC contributions from both fossil and non-fossil sources were 517 substantially increased. This finding was consistently observed for all sites, showing the 518 importance of SOC during severe haze events in China. 519 based interface for the efficient use of the generalized multilinear engine (ME-2) for the 529 source apportionment: ME-2 application to aerosol mass spectrometer data, Atmos. Meas. 530
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